What is poly(ADP-ribose)?
=========================

Poly(ADP-ribose), or simply PAR, is a polymer of two or more ADP-ribose units. This post-translational modification is added to proteins by ADP-ribosyltransferases, commonly known as poly(ADP-ribose) polymerases (PARPs; [@bib18]; [@bib14]). The covalent addition of multiple ADP-ribose units, or PARylation, can occur at different amino acids, including aspartate, glutamate, and lysine residues. To form the polymeric PAR, subunits are linked to one another via ribose--ribose bonds ([Fig. 1](#fig1){ref-type="fig"}; [@bib39]). Usually, the ribose group of one ADP-ribose unit is connected to the adenosine of the adjacent ADP-ribose unit. Occasionally, the nonadenosine ribose groups from neighboring ADP-ribose units can be linked, resulting in branching of the polymer ([@bib40]).

![**Protein ADP-ribosylation.** Shown here is mono(ADP-ribosyl)ation and poly(ADP-ribosyl)ation with linear or branched chains.](JCB_201402114_Fig1){#fig1}

Regulation of poly(ADP-ribose) formation
========================================

In humans, there are 17 PARPs that share homologous domains, some with catalytic activities that transfer the ADP-ribose moiety from NAD^+^ to specific amino acid residues on substrate proteins, or to ADP-ribose itself. Six of them are predicted to add multiple ADP-ribose units whereas nine are predicted to only add single units ([Table 1](#tbl1){ref-type="table"}; [@bib18]; [@bib14]). Subtle changes within the catalytic domain determine not only the number of ADP-ribose subunits to be added, but also how these subunits are connected. Whereas PARP-1 is known to generate branching once every 20--50 ADP-ribose units ([@bib2]), PARP-5a has no such activities detectable ([@bib51]). It is not currently known what controls the branching frequency or the length limit of PAR.

###### 

Activities and localization of PARPs

  Gene name   Alternative name       Activity                 Localization
  ----------- ---------------------- ------------------------ ---------------------------------------------------------------------
  PARP-1      ARTD1                  PARylation (branching)   Nucleus, nucleoli
  PARP-2      ARTD2                  PARylation               Cytoplasmic puncta, nuclear puncta, nucleoli
  PARP-3      ARTD3                  MARylation/PARylation?   Cytoplasmic puncta, nuclear puncta
  PARP-4      ARTD4                  PARylation               Cytoplasmic puncta and nucleus
  PARP-5a     ARTD5, TNKS            PARylation               Cytoplasmic puncta, centrosome, stress granules, spindle pole
  PARP-5b     ARTD6, TNKS2           PARylation               Cytoplasmic puncta, spindle
  PARP-6      ARTD17                 MARylation?              Cytoplasmic puncta
  PARP-7      ARTD14, tiPARP         MARylation?              Cytoplasmic puncta, nuclear puncta
  PARP-8      ARTD16                 MARylation?              Cytoplasmic puncta, centrosome, nuclear envelope, spindle pole
  PARP-9      ARTD9, BAL1            Inactive                 Cytoplasm, plasma membrane, nucleus
  PARP-10     ARTD10                 MARylation               Cytoplasmic puncta
  PARP-11     ARTD11                 MARylation?              Cytoplasmic puncta, nuclear puncta, centriole
  PARP-12     ARTD12, ZC3HDC1        MARylation               Cytoplasmic puncta, Golgi, stress granules
  PARP-13     ARTD13, ZC3HAV1, ZAP   Inactive                 Cytoplasmic puncta, stress granules
  PARP-14     ARTD8, BAL2, CoaSt6    MARylation               Cytoplasmic puncta, nuclear puncta, focal adhesion, stress granules
  PARP-15     ARTD7, BAL3            MARylation?              Stress granules
  PARP-16     ARTD15                 MARylation               Cytoplasmic puncta, reticular

PARylation, poly(ADP-ribosyl)ation; MARylation, mono(ADP-ribosyl)ation. Predicted activities are indicated with question marks. Localization data are based on [@bib36]; [@bib31]; and [@bib59].

PARylation is reversible and two broad classes of enzymes are responsible for PAR degradation ([Table 2](#tbl2){ref-type="table"})---the first cleaves the ribose--ribose bonds between ADP-ribose subunits and the second removes the terminal ADP-ribose groups from modified proteins. The primary enzyme that involves PAR degradation is known as poly(ADP-ribose) glycohydrolase (PARG; [@bib17]). Though PARG can efficiently cleave the ribose--ribose bonds within PAR chain, it cannot remove the terminal ADP-ribose groups from PARylated substrates, thereby generating mono(ADP-ribosyl)ated proteins ([@bib56]). Though less efficient than PARG, ADP-ribosylhydrolase 3 (ARH3) can also cleave the ribose--ribose bonds within PAR in vitro and in cells ([@bib42]; [@bib45]; [@bib44]). Recently, three enzymes were identified in humans that break the covalent bonds between terminal ADP-ribose groups and acidic residues on modified proteins---MacroD1, MacroD2, and TARG1 ([@bib22]; [@bib52]; [@bib54]). These three enzymes all possess a macrodomain that recognizes single ADP-ribose units, but among these three members, TARG1 is unique for its ability to also reduce PARylation by removing the whole PAR chain specifically at glutamate--ADP-ribose ester bonds ([@bib54]).

###### 

Properties and localization of PAR degrading enzymes

  Gene name   Alternative name   Cleave ribose--ribose bonds?   Cleave between ADP-ribose and acidic residues?   Localization
  ----------- ------------------ ------------------------------ ------------------------------------------------ ----------------------------------
  PARG                           \+                             −                                                Cytoplasm, nucleus, mitochondria
  ARH3        ADPRHL2            \+                             Not tested                                       Cytoplasm, nucleus, mitochondria
  MacroD1     LRP16              −                              \+                                               Cytoplasm, nucleus
  MacroD2     C20orf133          −                              \+                                               Cytoplasm, nucleus
  TARG1       C6orf130, OARD1    −                              \+                                               Cytoplasm, nucleus

ARH3, ADP-ribosylhydrolase 3; PARG, poly(ADP-ribose) glycohydrolase; TARG1, terminal ADP-ribose protein glycohydrolase 1.

Poly(ADP-ribose) in cellular organization
=========================================

DNA repair complexes.
---------------------

The founding member of the ADP-ribosyltransferase family PARP-1 assembles DNA repair complexes whereby PARP-1 auto-PARylates itself at sites of DNA damage, thereby recruiting proteins by noncovalent interactions to repair DNA ([@bib14]). In addition, recent results show that PARylation is required during genotoxic stress for subnuclear relocalization of RNA-binding proteins ([@bib23]). For example, splicing factor THRAP3 accumulation to nuclear speckles is dependent on PARP-1 catalytic activity, as is the relocalization of the dual RNA/DNA-binding protein TAF15 to nucleoli ([@bib23]). Though the functional significances of these latter phenomena remain to be characterized, these data highlight the critical role of PAR in reorganizing cellular architectures during genotoxic stress.

Stress granules.
----------------

During heat shock, viral infection, and other stress conditions, stalled translation complexes aggregate to form cytoplasmic RNA-rich structures called stress granules (SGs; [@bib26]). These cytoplasmic structures are enriched with PAR, five PARPs, and two cytoplasmic PARG isoforms ([@bib31]). Overexpression of cytoplasmic PARG isoforms inhibits the formation of SGs, whereas overexpression of SG-localized PARPs induces SG formation even in the absence of stress. Consistently, PARG knockdown results in the delay of SG disassembly when stress is relieved. These data taken together suggest that the precise balance of PAR synthesis and degradation regulates the structural integrity of SGs ([@bib31], [@bib32]).

Nucleolus.
----------

In *Drosophila*, nearly half of nuclear PARP-1 and PAR are localized in steady-state nucleoli ([@bib3]), where ribosomal RNA transcription and processing occur. Genetic depletion of PARP-1 results in the disintegration of nucleoli, separating the ribosomal DNA compartment from processing enzymes ([@bib3]). Similar subcellular mislocalization phenotypes are observed when fly larvae are treated with the general PARP inhibitor 3-aminobenzamide, suggesting that the enzymatic activity of PARP-1 is required for the nucleolar structural integrity ([@bib3]). Consistently, PARG knockout flies with excess endogenous amounts of PAR have additional nucleoli with ultrastructural abnormalities ([@bib3]). Such PAR-dependent reorganization of nuclear structures renders PARP-1 and PARG mutants inefficient in ribosome production ([@bib3]). Thus, a proper level of PAR is critical not only for the structural integrity, but also the functions of cellular organelles.

Mitotic spindles.
-----------------

During mitosis, when many nonmembranous structures disintegrate, PAR is involved in the formation of bipolar spindles ([@bib6]). PAR in the spindle appears to exchange very slowly with the neighboring environment. Addition of PARG or anti-PAR antibodies to isolated spindles in vitro results in their rapid breakdown. Though several PARPs including PARP-1 were identified in mammalian spindle structures ([Table 1](#tbl1){ref-type="table"}), only PARylation mediated by PARP-5a, which makes linear chains, is required for both the structure and function of spindles ([@bib7]). Thus, the chemical structures of PAR dictated by specific PARPs could potentially control how cellular architectures are formed.

Principles of poly(ADP-ribose) in cellular organization
=======================================================

Chain length of PAR specifies which proteins it binds.
------------------------------------------------------

Cellular architectures are commonly built by cross-linking proteins in a noncovalent manner via protein--protein interactions (e.g., prion-generated amyloid fibers) or protein--RNA interactions (many RNA granules). In the latter case, a single RNA can serve as a scaffold that allows the binding of multiple RNA-binding proteins. Analogous to RNA, PAR can also serve as a scaffold for multiple proteins to bind in a noncovalent manner ([@bib14]; [@bib32]; [@bib29]). Intriguingly, the ability of a protein to bind to PAR is dependent on the chain length. For example, DNA repair factors XPA, DEK, and Chk1 exhibit a strong preference for long PAR chain length (\>40mer), whereas other DNA repair factors p53 and WRN, as well as histone H1, can efficiently bind to short polymers ([@bib10], [@bib11]; [@bib37]; [@bib48]). Such length-dependent PAR binding also plays a regulatory role as demonstrated by Chk1, whereby purified PAR of \>65mers but not 30mers activates its autophosphorylation in vitro ([@bib37]). Though helical structures have been proposed for longer PAR polymer ([@bib38]), how length and branching affect PAR structure remains unclear. Notably, each ADP-ribose subunit is ∼0.5 kD; as ADP-ribose units are rapidly polymerized, the resultant PAR could present itself as a sizeable structure. For instance, PAR polymers can be up to 67 residues with two branch points per molecule after DNA damage, and polymers of 244 residues with 6 branch points upon heat shock ([@bib2]). Such sizeable nature of PAR makes it a likely candidate for building scaffolds of cellular architectures.

Nucleation of cellular architectures through PARylation?
--------------------------------------------------------

An emerging concept in cellular self-organization is that nonmembranous structures are formed through phase transition ([@bib20]; [@bib60]). As cellular systems continuously seek a state with minimal free energy, it is sometimes favorable for certain protein components to aggregate into locally distinct domains (also known as "droplet" phase). The phase transition is usually triggered by an increase in local concentration of certain types of proteins, particularly those with multi-domains and/or with intrinsically disordered, low complexity sequences (i.e., repetitive amino acid sequence; [@bib19]). Recently, McKnight and colleagues reported that RNA granules can be seeded in vitro by a chemical with β-stranded--like structure ([@bib16]; [@bib25]). Incubation of cell or tissue lysate with this chemical selectively precipitates ∼170 proteins commonly found in RNA granules. Many of these proteins contain low complexity regions, which are necessary and sufficient for the formation of RNA granules in vitro and in cells. These recent data are consistent with previous findings demonstrating that repetitive amino acid sequences in prion or QN-rich domain are critical for RNA granule assembly in yeast and human cells ([@bib15]; [@bib9]; [@bib50]).

But what triggers the local concentration of proteins in cells? One possibility is nucleation through polynucleotides as proposed for RNA in the high-order assembly of FUS protein or nuclear bodies ([@bib58]; [@bib55]; [@bib53]), and for DNA in the recruitment of the C-terminal domain of RNA polymerase II ([@bib30]). So, could this third naturally occurring polynucleotide, PAR, play a similar role for nucleating cellular structures? Intriguingly, when cross-comparing the list of selectively precipitated RNA granule proteins from McKnight and colleagues ([@bib16]) with three independent proteomic datasets of identified PARylated proteins, the overlap is highly statistically significant by Fisher's exact test (p-value = 2.14 × 10^−20^ \[[@bib63]\], 1.8 × 10^−20^ \[[@bib12]\], and 1.27 × 10^−24^ \[[@bib23]\]; see [Table S1](http://www.jcb.org/cgi/content/full/jcb.201402114/DC1){#supp1}). Statistical significance was also observed with a list of known RNA granule components from [@bib25] (Table S1). Among the list of 170 proteins, 28 proteins have shown to be ADP-ribosylated at glutamate and aspartate residues, and it appears that, with this limited set of data, the low complexity region is generally depleted of ADP-ribosylated aspartate but enriched for ADP-ribosylated glutamate (see Table S1 for statistical analyses).

One potential function for ADP-ribosylation is to facilitate local concentration of proteins near low complexity regions, thereby passing the critical threshold amount of protein interactions needed to form "droplet" phase. Compared with the other two polynucleotides, one distinct feature of PAR is that it is a protein modification, where the polymer size can be enzymatically regulated on the timescale of seconds to minutes ([@bib61]; [@bib1]). Therefore, one might hypothesize that the PAR polymers synthesized on proteins could become instantaneous "seeding" platforms to recruit large numbers of proteins by noncovalent interactions ([Fig. 2](#fig2){ref-type="fig"}). These recruited proteins can then be oligomerized via low complexity regions to form cellular structures. The advantage of PAR being a protein modification is that it provides a regulated point of nucleation upon certain stress conditions (e.g., DNA damage or stress granule formation). Given that proteins bind to PAR in a length-dependent manner, the chain length might also serve as a timer for recruiting specific proteins to assemble cellular structures in a defined temporal order. As stress is relieved, PAR can be degraded and structures disassembled.

![**Model of PAR-mediated RNA granule formation.** PARylation could facilitate the local concentration of RNA granule proteins with low complexity regions, thereby promoting the oligomerization of these protein regions to form RNA granules.](JCB_201402114_Fig2){#fig2}

Alternatively, this sizeable modification when directly added at the low complexity region can potentially disrupt oligomerization. As demonstrated for phosphorylation, the addition of post-translational modifications at a low complexity region can alter existing protein--protein interactions and shift the equilibrium of phase transition for structure formation ([@bib16]; [@bib34]; [@bib30]). As we are still at the very early stage in identifying ADP-ribosylated sites by mass spectrometry, future biophysical and biochemical studies will allow us to further pinpoint the roles of specific ADP-ribosylation sites in the formation of RNA granules and other cellular structures.

Highly charged PAR competes with other polynucleotides for protein binding.
---------------------------------------------------------------------------

Apart from PARylated substrate, another class of key constituents in PAR-mediated cellular architecture is PAR-binding proteins. One critical property of PAR is its highly negative charges contributed by the two phosphate groups of each ADP-ribose subunit ([Fig. 1](#fig1){ref-type="fig"}), which are intrinsically inclined to bind to positively charged protein surfaces (e.g., those that bind DNA and RNA). In fact, the highly negative charge of PAR is able to effectively compete for histone binding to DNA that has only one phosphate group in each subunit ([@bib49]). The noncovalent PAR-mediated association with histones is so rigorous that it withstands phenol partitioning, strong acid, detergents, and high salt ([@bib49]). However, when considering equivalent numbers of negative charges, PAR is 100--1,000 times more potent than other naturally occurring polyanions, such as poly(A) and heparin, in dissociating histone--DNA complexes ([@bib49]). These experimental data suggest that the interaction between histone--PAR is more than electrostatic and has led to the "histone shuttle" hypothesis, where auto-PARylation of PARP-1 at DNA damage sites results in a transient and reversible dissociation of histones from DNA ([@bib49]). The resulting nucleosomal unfolding potentially allows the access of DNA-binding proteins for repair. Once DNA damage is repaired, PAR is degraded and histones reassociate with DNA.

Given that PAR-binding proteins and PARylated substrates are also enriched for RNA-binding proteins ([@bib12]; [@bib23]; [@bib63]), it is feasible that PAR can compete with RNA for protein binding. As stress granules are proposed sites for sorting mRNAs ([@bib26]) and PAR is enriched in these cytoplasmic RNA granules ([@bib31]), it will be of interest to test whether the competition between PAR and RNA for protein binding is involved in remodeling of ribonucleoprotein complexes upon stress. Notably, some PAR-binding domains can also bind poly(A) in vitro ([@bib43]), whereas some RNA-binding domains bind equally well with PAR ([@bib24]; [@bib29]), suggesting the possibility of competition between RNA and PAR binding in cells.

Chemically, PAR sequence complexity is relatively low with homo-polymeric stretches of adenosine-containing units. Analogous to the low complexity sequence observed in proteins, the repeating ADP-ribose units may allow for the formation of a coherent cellular structure by recruiting multiple proteins via PAR-binding domains ([@bib24]; [@bib29]). For example, macrodomains recognize terminal ADP-ribose units, PBZ domains recognize adjacent ADP-riboses, and WWE domains recognize *iso*-ADP-riboses ([Fig. 3](#fig3){ref-type="fig"}). Based on peptide library screening, more than 500 proteins are predicted to bind to PAR ([@bib47]; [@bib12]). Though there is no significant overlap between McKnight and colleagues' list of RNA granule proteins with predicted PAR binders, statistically significant overlap is observed with characterized PAR-binding proteins ([@bib29]; p-value = 8.13 × 10^−7^; see [Table S2](http://www.jcb.org/cgi/content/full/jcb.201402114/DC1){#supp2} for statistical analyses). However, the statistical significance only holds if the analyses included those PAR-binding proteins that are also PARylated substrates. In fact, all the PAR-binding proteins found in the McKnight list are also PARylated substrates. These data suggest that PARylation rather than PAR binding is a critical determinant for granule formation. Potentially, these proteins that are both PARylated and PAR binding may act as hubs for mediating cellular structures where PARs act as spokes ([Fig. 2](#fig2){ref-type="fig"}, white proteins).

![**ADP-ribose recognition by protein domains.** The WWE domain recognizes the smallest structural unit of PAR, *iso*-ADP-ribose, the macrodomain recognizes the terminal ADP-ribose groups, and the PBZ domain can recognize adjacent ADP-ribose groups.](JCB_201402114_Fig3){#fig3}

Intriguingly, recent data also suggest that PAR can compete with negatively charged phosphopeptides. For example, PAR-binding pockets were identified in FHA and BRCT domains that respectively recognize phospho-threonine and phospho-serine ([@bib33]). This new form of competition opens the possibility that PAR can reorganize specific post-translational forms of proteins in cellular structures and alter signaling pathway responses.

Predictions and prospects
=========================

Technical development.
----------------------

If PAR is critically involved in cellular organization, how can we test this model? Until recently, it has been difficult to identify PARylation sites ([@bib8]; [@bib63]). This is because PAR is heterogeneous in length and therefore no unique mass signatures are associated with this modification for mass spectrometry identification. Now given that many endogenous sites have been identified on glutamate and aspartate residues ([@bib63]), site-directed mutagenesis studies can be performed to test the importance of how PAR mediates cellular structures. However, as ADP-ribosylation can occur at other residues such as cysteine, lysine, and arginine ([@bib5]), a more comprehensive proteomics tool is urgently needed in the field. Another challenge is to purify a sufficient quantity of PAR of defined length and structure for in vitro biochemistry experiments. Currently, it is possible to make milligram quantities of small- to medium-sized polymer of defined length ([@bib57]), but tools for enriching branched polymers are lacking. Similarly, techniques for chemical synthesis of PAR attached to defined amino acids are still in early development ([@bib41]; [@bib28]). It will be of interest to see whether specific PAR structures can seed the formation of cellular structures in vitro.

The intricate relationships between mono-- and poly--ADP-ribosylation.
----------------------------------------------------------------------

Systematic analyses of the ADP-ribosyltransferase/PARP family have begun to unravel the complexity of regulation by this family, where some members add only single ADP-ribose units ([@bib18]; [@bib59]). As demonstrated by a recent study for auto-PARylation of PARP-1, transfer of ADP-ribose units can be mediated sequentially by more than one enzyme ([@bib35]), where the initial ADP-ribose was conjugated at a lysine residue by a non-PARP enzyme SIRT6. Whether PARylation can be mediated through sequential actions of ADP-ribosyltransferases that add single and multiple ADP-ribose units remains unclear. As many ADP-ribosyltransferases/PARPs have been identified within the same nonmembranous cellular structures (e.g., nucleoli, stress granules, and spindle poles), these structures thus serve as useful models to investigate their individual roles and the interplay among various members. However, even though homologues of PARP and PARG have been identified in animals, plants, fungi, and protists ([@bib46]; [@bib4]; [@bib56]), it should be noted that not all eukaryotes, notably budding yeast, possess these enzymes, but they still can form similar cellular structures. It is therefore important to figure out what and how PAR offers additional enzymatic regulation in the formation and maintenance of these structures.

Therapeutics.
-------------

Finally, the persistence of nonmembranous cellular structures such as stress granules has been shown to be associated with the pathology of cancers and neurodegenerative diseases, where therapeutic modulation of their structural integrity by small molecular kinase inhibitors is currently being explored ([@bib62]; [@bib27]). As PARP inhibitors are clinically tested in treating cancers and neurodegenerative diseases ([@bib21]; [@bib13]), understanding the principles of poly(ADP-ribose)-mediated organization could potentially have a wide impact on therapy paradigms.

Online supplemental material
============================

Datasets involved and statistical analyses are detailed in Tables S1 and S2. Table S1 and S2 focus on comparisons of RNA granule proteins with PARylated proteins and PAR-binding proteins, respectively. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201402114/DC>.
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